BACKGROUND: Body mass index (BMI) is widely used to assess the prevalence of childhood obesity in populations, and to infer risk of subsequent obesity-related disease. However, BMI does not measure fat directly, and its relationship with body fatness is not necessarily stable over time. OBJECTIVE: To test the hypothesis that contemporary children have different fatness for a given BMI value compared to the reference child of two decades ago. DESIGN: Comparison of children from Cambridge, UK with the reference child of Fomon and colleagues (Am J Clin Nutr 1982; 35: 1169 -1175). SUBJECTS: A total of 212 children aged 1 -10.99 y. MEASUREMENTS: Body composition was assessed by deuterium dilution. Fat-free mass and fat mass were both adjusted for height to give fat-free mass index and fat mass index. RESULTS: Contemporary Cambridge children have similar mean BMI values to the reference child. However, both boys and girls have significantly greater mean fatness and significantly lower mean fat-free mass than the reference child after taking height into account. Contemporary Cambridge children have greater fatness for a given BMI value than the reference child. CONCLUSION: BMI-based assessments of nutritional status may be under-estimating the increase in children's fatness. Any change over time in the relationship between BMI and body fatness will create a mismatch between (1) current estimates of childhood obesity and (2) predicted risk of future adult illness, calculated on the basis of longitudinal cohorts recruited in childhood several decades ago. However, an alternative interpretation is that the reference data are inappropriate. Caution should therefore be used in generalizing from this study, and further investigations of the issue are required.
Introduction
Western populations are experiencing an increasing prevalence of childhood obesity, 1,2 following a similar trend in adults. It is now established that increased fatness has serious implications for child health, 3 and is a risk factor for adult obesity and hence later disease. 4 Although obesity is defined as an excess of body fat, it is usually classified on the basis of body weight relative to height. In 1985, Garrow and Webster published body mass index (BMI) cut-off values for adults distinguishing underweight, normal weight, overweight and obese individuals. 5 Childhood obesity is generally now defined likewise on the basis of BMI, although other definitions of childhood obesity have also been proposed. 6 BMI varies with age in children, so data are expressed as standard deviation (s.d.) scores (Zscores) for a given age and sex. 7, 8 The ease with which weight and height can be measured has ensured that BMI is widely used both by clinicians to assess obesity status, and by epidemiologists researching the paediatric aetiology of the disease.
The statistical rationale for BMI is that it is an index of weight that is minimally correlated with height. Weight (WT) can be adjusted for height (HT) by calculating an index WT=HT n , in which n is chosen such that the correlation of the index and height is zero. The value of n varies moderately with age, tending to increase during puberty. 9 However, it is generally accepted that BMI, where the value of n is 2, shows zero or negligible correlation with height from early infancy onwards, and BMI has become accepted as the primary index of relative weight. 10 In spite of the statistical validity of BMI in children, the additional assumption that greater BMI values are equivalent to greater body fatness in this age group is less well supported by evidence. Although studies have reported high correlations between BMI and percentage body fat, 11, 12 neither of these indices is an independent measure of fatness. Weight comprises both the fat-free mass (FFM) and the fat mass (FM), and both of these components can vary between individuals. We have demonstrated previously that between-subject variability in FFM is an important source of variability in BMI in children. 13 Large-scale BMI surveys have been conducted in order to assess the changing prevalence of childhood obesity.
1,2 The validity of such an approach is dependent on there being a stable relationship over time between a given BMI value and a given level of body fatness in any population. This issue has not been investigated in any detail.
We report here the body composition of 212 children aged 1 -10.99 y from Cambridge, UK, measured during the 1990s by an established technique. BMI and height-normalized body composition were compared with those of the reference child, 14 which was based on the 50th percentile of the NCHS growth reference data collected between 1963 and 1975.
Methods
Data on anthropometry and body composition were collected for a number of studies conducted at the MRC Dunn Nutrition Unit, Cambridge, UK over the period 1989 -1999. Ethical approval for all studies was granted by Cambridge Local Research Ethics Committee.
Measurements on all subjects included weight (kg), height (m) and total body water (TBW; kg) by deuterium or 18-oxygen dilution. Isotope dilution space was corrected for non-aqueous isotope exchange. Details of the methodology are described elsewhere. 15, 16 TBW was converted to FFM by dividing by the water content of fat-free tissue, using ageand sex-specific values 14 supported by recent studies. 16 FM was calculated as the difference between FFM and weight. Weight, height and BMI s.d. scores were calculated using the 1990 UK growth reference data.
7,17
The reference child
There is a dearth of reliable data on children's body composition in earlier decades, due to the difficulty of measuring younger age groups with techniques that were both accurate and acceptable. The reference child represents an idealized child, constructed using data from several different sources collected during the period 1963 -1975. 14 These data included measurements of TBW and total body potassium, which were used to estimate FFM. Actual measurements were made at birth, 6 months and 9 y, with these values being extrapolated to ages in between these time points. However, additional skinfold measures of fatness throughout childhood were incorporated into the modelling. All data were then smoothed onto the 50th percentile weight and height values of the US National Center for Health Statistics growth reference.
Although it cannot be proved that the reference child is an accurate index of children's body composition in previous decades, it represents the most comprehensive data available, and includes reliable measured values at certain time points.
Data expression
BMI represents an index of weight that has been normalized for height. Once weight has been normalized in this way, it can be divided into fat-free and fat components:
These two indices have been termed the FFM index (FFMI) and FM index (FMI) respectively. 18 Hence both FFM and FM, having been normalized for height, can be expressed against age in the same format as BMI 7 for comparative purposes. We have previously demonstrated the validity of this approach for comparisons of populations where mean height is similar. 19 All data were therefore expressed as BMI, FFMI and FMI. Boys and girls were considered separately in recognition of known sex differences in relative fat and lean deposition in childhood. 13, 14 For each sex, values from the reference child were plotted as a line representing FFMI or FMI against age, with the Cambridge data superimposed as individual data points.
Differences in mean height, BMI, FFMI and FMI between Cambridge children were assessed using paired t-tests for the difference between observed values and the age-and sexspecific reference values. This analysis was restricted to the 107 boys and 105 girls aged between 1 and 10 y, as the reference data do not extend beyond this age.
Results
Characteristics of the subjects are given in Table 1 . All subjects were Caucasian. Mean weight, height and BMI s.d. scores were close to zero in both sexes, with standard deviations close to 1 for all parameters. These values indicate that the sample was representative of the UK population according to the 1990 growth reference values. 7, 17 There was no significant trend with age for BMI s.d. values (boys: r ¼ 0.11, NS; girls: r ¼ 0.04, NS).
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The Cambridge children had similar mean height to the reference child. Cambridge boys were an average of 1.0 cm taller for their age (P < 0.01), equivalent to an increase of < 1%, while Cambridge girls were on average 0.5 cm taller (P ¼ 0.32, NS). BMI of the subjects and the reference child are given in Figures 1 and 2 . Cambridge boys were not significantly different in mean BMI from the reference child (D ¼ þ 0.06 kg=m 2 , P ¼ 0.78 (NS)). However, Cambridge girls had significantly higher BMI values (D ¼ þ 0.61 kg=m 2 , P < 0.001).
FFMI and FMI of Cambridge children compared with the reference child are given for each sex in Figures 3 -6. For both sexes, Cambridge children show reduced FFMI and greater FMI compared with the reference data. Comparison with Fomon's age-and sex-specific predicted values, by paired t-test, showed that these differences achieved statistical significance in both sexes (Table 2) . These values indicate that the greater BMI of Cambridge girls compared to the reference child is entirely due to greater body fatness. After removing the effects of this extra weight, the Cambridge girls still showed an increase, relative to the reference child, in the ratio of FM to FFM for a given BMI value, as did the boys.
Difference between current body composition and the reference value was related to age for FMI (boys: r ¼ 0.36, P < 0.001; girls: r ¼ 0.19, P < 0.001) but not for FFMI (boys: r ¼ 0.06, N.S.; girls: r ¼ 0.07, NS). Thus there was a significant age-related trend towards greater fatness compared with the 
Discussion
Several studies have indicated that children have become fatter in recent decades. However, the magnitude of this increase in fatness is difficult to assess: BMI and raw skinfold thickness data are proxy measures of body composition, and provide relative rather than absolute measures of fatness. Although raw skinfold data can be converted into percentage fat and hence fat mass using published prediction equations, such equations have been shown to be significantly biased in groups and, after adjusting for this bias, inaccurate in individuals. 16 In addition to their inability to quantify absolute fatness, BMI and skinfolds also provide no information on relative lean size, assessed in this study by FFMI.
The strong correlation between BMI and percentage body fat 11, 12 gives the impression that BMI is a good index of body fatness. Nevertheless, such a correlation does not represent the best approach for assessing this proposition. Neither BMI nor percentage fat is independent of relative lean size. We have shown previously that between-child variability in FFMI is two thirds that in FMI, such that a significant proportion of BMI variability is not due to variability in fatness. 13 Ignoring the contribution of FFMI to BMI overestimates the extent to which BMI represents fatness. However, in the present study our findings suggest paradoxically that near-stable BMI values may be concealing the extent of the increase in children's body fatness over time.
On the basis of BMI values alone, Cambridge children appear to be negligibly fatter than the reference child of two to three decades ago. The boys show no significant increase in mean BMI, while the girls show an increase of 0.61 kg=m 2 , equivalent to an increase of 3.8%. However, these similar BMI values mask significantly higher FMI values and significantly lower FFMI values. Cambridge children are considerably fatter for their height compared to the reference child, with the trend already apparent in late infancy. These increases in fatness, averaging 23% in boys and 35% in girls, represent the first such data to be obtained for UK children.
There is an alternative to the explanation that these statistically significant findings represent real changes in body composition over recent decades, namely that the lack of agreement between our measurements and the reference child might indicate that the calculations of Fomon and colleagues are inappropriate, and have led to erroneous values for FFM and FM. The reference child was derived from measurements made in infancy and at 9 -10 y, with intermediate values being extrapolated. The measurements themselves, based on multiple measurements of TBW (infancy), and TBW or total body potassium (childhood), may be considered relatively reliable, and it is the intervening values which may be flawed due to inappropriate assumptions. In the present study, differences from the reference values in FFMI and FMI were evident throughout the age range considered. Thus, at 9 -10 y, we have greater confidence that the difference in body composition is real, whereas at younger age groups it is more plausible that the assumptions incorporated in the reference child might have played a role in artificially generating apparent differences. Given the limitations of the reference child, we are unable to FM and FFM in BMI JCK Wells et al resolve this issue, but the hypothesis that the differences are real is consistent with previous findings in adolescents as described below. A further limitation of our study is that we collected no data on socioeconomic status, and therefore cannot demonstrate that our sample is representative of the UK population. However, our sample was representative in terms of anthropometry, as shown by the s.d. scores presented in Table 1 . It is possible that the observed differences between Cambridge children and the reference child would not be reproduced elsewhere in the UK population. Potential confounding factors include variation in dietary intake patterns, physical activity patterns and other social factors, although we have no evidence to support such hypothetical differences. However, the main implication of our study is that similarity in anthropometry, in this case BMI, may nevertheless conceal differences in body composition. Our approach is therefore appropriate for all comparisons between groups, whether defined in terms of ethnicity, socioeconomic status, geographic location or historical time of assessment.
Our interpretation of changes in fatness for a given BMI value is consistent with a previous analysis of US adolescents, demonstrating stability of BMI but an increase in subcutaneous fatness over the period 1966 -1980. 20 In this study, triceps skinfold thickness was higher in the last survey than in the first for each level of BMI, in both sexes and for all age and ethnic groups. Our study suggests a similar scenario, but for whole-body rather than for subcutaneous fatness alone.
Our findings also show consistency with a recent comparison of Spanish children studied in 1980 and 1995. 21 This study showed a trend towards increasing central fat distribution in prepubertal children, independent of changes in BMI over the same period. Change in absolute fatness was not evaluated in the study, and hence no assessment of possible changes in relative lean deposition is possible. However, it represents a further example of how changes in dimensions of fatness may exceed changes in BMI in a population, in a relatively short period of time.
Lower FFMI values can be attributed to reduced muscle deposition, with the trend apparent from pre-school age. Although quantitative data are scarce, changes in lifestyle imply that UK children are substantially less active now. Compared to previous decades, fewer children walk to school, 22 fewer weekly hours of exercise are provided by schools, 23 and a greater proportion of children's leisure time is spent in sedentary activities such as watching television. 24 This reduction in activity is the most likely cause of a reduction in FFM, since exercise stimulates muscle growth. 25 A previous study of weight gain in Scottish children has likewise suggested that lean deposition is reduced and fat deposition increased, compared to the reference child, 26 and our cross-sectional data are consistent with this finding.
The data used in this analysis were combined from several studies, conducted over a 10 y period. Even within this period, children's fatness may have been increasing, such that differences in the older children (measured more recently) would be predicted to be greater than in the younger subjects measured in the early 1990s. This pattern might help explain why the increase in fatness itself grows with age of the child. Nonetheless, the children are representative of weight and height of UK children according to the 1990 reference data and therefore are a suitable population in which to consider whether the ratio of FFM to FM within BMI has changed. We therefore believe our findings are not adversely affected by the nature of the sample of children.
Obesity is defined as excess fat but is classified according to excess weight. According to the new international cut-off points for childhood overweight, 8 11% of the Cambridge boys and 11% of the girls are overweight. If all the children had the expected sex-specific FFMI of the reference child for their age, and their observed FMI value, then 17% of the boys and 22% of the girls would qualify as overweight. Thus the classification of obesity on the basis of BMI will underestimate the prevalence of the disease if children have lower FFM than expected for their height.
Measurement of BMI is easy to obtain in children of all ages, and the index is at present the best option for screening for the disease. However, while BMI categorizes few nonobese children as obese, it has poor sensitivity and fails to identify large numbers of obese children. 27 These shortcomings, in addition to those highlighted in our analysis, indicate that additional measurements will be required if the aetiology and prevalence of obesity are to be researched with accuracy and confidence.
The relationship between childhood obesity and later disease has been assessed using cohort studies, where childhood BMI has been linked firstly to the incidence of adult obesity 28 -30 and diabetes 31 and secondly to the adult incidence of cardiovascular disease. 32, 33 The use of such studies to infer the likely health consequences of the current obesity prevalence may be flawed if BMI does not retain the same association with body fatness over time. Therefore, further research is required to investigate this issue.
Conclusion
In summary, our study addresses a relatively unexplored issue, namely the extent to which the body composition underlying a given BMI value is stable over time in children. One interpretation of our findings is that there has been an increase in fat, and a decrease in FFM, for a given BMI value. Such a scenario implies that the widespread use of BMI to assess fatness in children may be providing under-estimates of the current obesity epidemic. Our analysis also provides the first data that assess the increase in children's fatness independently of changes in relative FFM deposition, suggesting that boys are on average 23%, and girls on average 35%, fatter. These findings are consistent with previous studies of BMI and skinfold data. However, an alternative interpretation is that the reference child is inappropriate as a reference, due its derivation using assumptions as well as measure-FM and FFM in BMI JCK Wells et al ments. Caution should therefore be used in generalizing from our study, and further studies are required to confirm or refute our findings in other populations.
